Magnetic Particle Imaging (MPI) is a new tomographic imaging technique. The idea of MPI is to exploit the nonlinear magnetization curve of superparamagnetic nanoparticles for imaging their spatial distribution. To achieve this, a complex hardware setup is necessary. This paper introduces a surveillance unit to monitor and secure the operation of high power MPI systems, to ensure system safety and accuracy.
INTRODUCTION
Magnetic Particle Imaging (MPI) is a new tomographic imaging technique introduced in 2005 1 . The idea of MPI is to exploit the nonlinear magnetization curve of superparamagnetic nanoparticles for imaging their spatial distribution. In various works [2] [3] [4] , the imaging performance has been proven, but the safety aspect of MPI systems has been neglected before. Certainly, an MPI system contains different risks, as for example overheating of transmitting coils, voltage breakdowns, or exceeding of maximum field strengths. All these risks potentially damage hardware and harming patients in medical applications.
To overcome the lack of permanent user vigilance, a surveillance unit (SU) is needed, which can detect failures and react to these failures. An SU may also ensure an improvement of imaging quality through better system estimation, in addition to safety issues. The imaging improvement may be achieved by a permanent monitoring of the MPI system. For example, temperature drifts can be monitored and changes in system function, which can lead to artifacts and lower the imaging quality, may be corrected. This paper describes an SU, which ensures system and patient safety and enables monitoring of system parameters to compensate for parameter drifts. The SU is build up as an independent dedicated hardware with real-time behavior. In case of a crash of the MPI control system the SU can shut down the system safely. A system logbook provides a possibility for subsequent failure analysis.
MPI SCANNER
The principle of MPI scanners in general is described along the simplified block diagram in figure 1 (a detailed description is given by Schmale et al. 5 ). A PC controls the signal generation and reception. A high power DC source supplies the current for the selection field generation. Digital-to-analog converters generate the signals for the drive field. The generated signals are amplified by power amplifiers, filtered by band pass filters (BPF) and then applied to the transmit coils (TxC) to generate the drive field. The transmitted signals are non-linearly transformed by the nanoparticles. These signals induce voltages in the receive coils (RxC). A subsequent filtering of the base transmit signal by band stop filters (BSF) ensures a clipping free amplification by low noise amplifiers (LNA). The output signals of the LNA are digitalized and processed in the PC. It is obvious that the power-path parts are exposed to the highest stress level in the system and, therefore, surveillance is necessary.
METHODS
To detect possible system error cases, a common way is to carry out a fault tree analysis (FTA) combined with a failure mode and effect analysis (FMEA) 6 . The outcomes of these analysis lead to the parameters, which should be monitored, i.e.
1. temperature of the transmit coil, 2. temperature and pressure of the cooling circuit, 3. voltages and currents of the DC power supplies and 4. voltages and currents of the AC power amplifiers (amplitude and phase).
The currents and voltages can be acquired using different methods given by the demands. Possible values which can be acquired are the rectified, peak or effective value. All these values have in common that the unnecessary wave form information is lost. Data acquisition is done through high speed low noise analogto-digital converters. Temperatures are acquired through standardized temperature sensors (PT100).
The magnetic field generated by the TxC is controlled by the current in the TxC. It is important to ensure that the field strength does not exceed 20 mT/µ 0, for not harming the patient through heating caused by tissue absorption of the electric field 7 .
The data acquisition rates depend on the measures itself e.g. a temperature rise is maybe much slower than a voltage or current rise. This means that it is likely that measurements of the cooling circuit temperature have to be done less often than the measurement of the TxC voltage.
In addition to the acquisition of data, an appropriate method to detect system failures and react to system failures is needed. This evaluation is done by judging the acquired data with respect to their time-changing characteristics against given limits. Given limits could be static values as well as gradients or a combination of both. A subsequently build running-mean reduces the impact of outliers during the measurement process.
Failures are classified into two groups: severe failures which are compromising the system or patient safety and warnings. Therefore, two different reaction alternatives are implemented: A hard reaction and a soft reaction. A hard reaction causes the system or a part of the system to shut down immediately. The soft reaction implies a warning will be generated or a message to the system control can be send to terminate or adapt the actual measurement. Figure 2 shows the hardware setup of the SU. As it is shown, the unit is separated into two parts: a main PCB and an expansion PCB. The main PCB contains a microcontroller, which handles the whole surveillance logic. The expansion PCB contains the data acquisition components and is cascadable for further extensions. This approach enables an easy adaption and scalability to new system demands.
EVALUATION AND RESULTS
To show the basic functionality of the SU, an example test case is performed. Figure  3 shows a resistor heated up by a DC source, whereby a warning is generated after exceeding the soft limit and a system shutdown is executed after reaching the hard limit. Thereby, the measurement was performed without running-mean; the impact of a positive outlier caused in this case a undesired shutdown of the system. 
DISCUSSIONS
It could be shown that the SU is able to detect and react in cases of system failures to ensure the system safety. It is also shown that the SU can be used to record measurements. It is likely that the acquired measurements are helpful for further development and improvement of the imaging quality of an MPI scanner.
A future application of the SU is use as control and discriminating element in the closed loop of the TxC current regulation. A temperature rise in the TxC leads to a decrease of current und therefore to a drop of the magnetic field. This can lead to imaging artifacts, caused by a changed trajectory. Due to the fact that the SU already controls the DC source the adaption seems to be uncomplicated. Another possible improvement is the measurement of the complex impedance of the TxC. The current-voltage phase contains useful information about the system status.
CONCLUSIONS
In this paper, an SU for MPI systems was presented. The SU will be a helpful tool during the development of new scanner designs and within the improvement of current setups. The SU ensures system safety and the SU logbook provides a helpful tool for bug tracking. In future, the SU will be used to improve the reproducibility of the measurement trajectories and for subsequent data corrections.
